Goethite (α-FeOOH) is a common nanocrystalline antiferromagnetic mineral. However, it is typically difficult to study the properties of isolated single-crystalline goethite nanoparticles, because goethite has a strong tendency to form particles of aggregated nanograins often with low-angle grain boundaries. This nanocrystallinity leads to complex magnetic properties that are dominated by magnetic fluctuations in interacting grains. Here we present a study of the magnetic properties of 5.7 nm particles of goethite by use of magnetization measurements, inelastic neutron scattering and Mössbauer spectroscopy. The 'ultra-small' size of these particles (i.e. that the particles consist of one or only a few grains) allows for more direct elucidation of the particles' intrinsic magnetic properties. We find from ac and dc magnetization measurements a significant upturn of the magnetization at very low temperatures most likely due to freezing of spins in canted spin structures. From hysteresis curves we estimate the saturation magnetization from uncompensated magnetic moments to be σ s = 0.044 A m 2 kg −1 at room temperature. Inelastic neutron scattering measurements show a strong signal from excitations of the uniform mode (q = 0 spin waves) at temperatures of 100-250 K and Mössbauer spectroscopy studies show that the magnetic fluctuations are dominated by 'classical' superparamagnetic relaxation at temperatures above ∼170 K. From the temperature dependence of the hyperfine fields and the excitation energy of the uniform mode we estimate a magnetic anisotropy constant of around 1.0 × 10 5 J m −3 .
Introduction
Goethite (α-FeOOH) is a common mineral on Earth [1] and it has also recently been found on Mars [2] . The crystal structure of goethite is orthorhombic with space group Pnma. It is 8 Author to whom any correspondence should be addressed.
antiferromagnetic with antiferromagnetic modulation along the orthorhombic a-axis and a Néel temperature around 400 K [3, 4] . Goethite usually forms rod-shaped nanoparticles, which often lack long-range crystalline order, because the particles consist of many grains, typically around 3-7 nm in size, with low-angle grain boundaries [5] [6] [7] , both when found in nature and when laboratory synthesized. The complex influence of the nanocrystallinity on the magnetic properties of goethite is apparent in Mössbauer spectroscopy studies [5] and the magnetic properties have been the subject of many such studies [4, 5, [8] [9] [10] [11] [12] [13] .
The magnetic properties of nanoparticles have been studied extensively by use of several experimental techniques, and the understanding of the magnetic properties of nanoparticles is of great importance for their many applications in, for example, magnetic data storage, ferrofluids, bioseparation and medicine [14, 15] .
In many studies, collective magnetic properties of interacting grains and interacting particles seem to play an important role [16] [17] [18] . In case of antiferromagnetic goethite, dipolar interactions may be negligible, and inter-grain and inter-particle interactions may be predominantly due to exchange interactions.
Usually, Mössbauer spectra of non-interacting magnetic nanoparticles show a superposition of a doublet due to particles with fast superparamagnetic relaxation and a sextet due to particles with slow relaxation. The relative areas of the two components depend on temperature because of the temperature dependence of the superparamagnetic relaxation time. However, inter-particle interactions can have a significant influence on the magnetic dynamics and result in magnetically split Mössbauer spectra with asymmetrically broadened lines at temperatures where noninteracting particles show a quadrupole doublet because of fast superparamagnetic relaxation [14, 15] .
Using a mean field model for exchange interacting particles, the magnetic energy, E p , of a nanoparticle p may be written as a sum of a uniaxial anisotropy term E a p and an exchange interaction term, E int p [14] [15] [16] [17] 
where V p is the particle volume, K is the magnetic anisotropy constant, θ p is the angle between the sublattice magnetization vector and the easy magnetization direction, ⃗ M p is the sublattice magnetization, ⟨ ⃗ M p ⟩ is the average value of the sublattice magnetizations of neighbouring particles and J p eff is the effective inter-particle exchange coupling constant (with dimensions J m 2 A −2 ). J p eff ⟨ ⃗ M p ⟩ can be considered as an effective interaction field acting on ⃗ M p . Almost all Mössbauer studies of goethite particles have shown spectra, which consist of sextets with asymmetrically broadened lines, typical for interacting nanoparticles that are influenced by relaxation effects. This is the case even for quite large goethite particles (e.g., rods which are around 100 nm wide and 1000 nm long) [10] . The magnetic anisotropy constant is relatively large (K ≈ 5 × 10 4 J m −3 ) [5] and therefore one might expect that relaxation effects should be negligible at room temperature for particles of this size. However, within the rod-shaped nanoparticles there are usually many defects such as low-angle grain boundaries, dislocations and interstitial water and/or OH − [5-8, 19, 20] that may lead to a reduced magnetic coupling between the grains [5] . Because of the many defects, the magnetic dynamics is dominated by fluctuations of the sublattice magnetization directions in small interacting grains within the particles. In a mean field model, the magnetic energy, E g of such a grain g may be written as a sum of a uniaxial anisotropy term, E a g , and an exchange interaction term, E int g ,
where V g is the grain volume, θ g is the angle between the sublattice magnetization vector and the easy magnetization direction, − → M g represents the sublattice magnetization vector of the grain, ⟨ − → M g ⟩ is the average sublattice magnetization of neighbouring grains and J g eff is an effective exchange coupling constant representing the exchange interactions with neighbouring grains such that J g eff ⟨ ⃗ M g ⟩ can be considered as an effective interaction field acting on ⃗ M g . This grain model can explain the asymmetric line broadening in the Mössbauer spectra of larger goethite particles [5] .
There is usually a large tendency for oriented attachment or nearly oriented attachment of particles and grains in goethite samples [5-7, 19, 20] . Therefore, the interaction field can be considered approximately parallel to the easy direction of magnetization. Equations (1) and (2) may therefore be written in the form [5] 
where M 0 (T ) is the sublattice magnetization and
is the order parameter at temperature T . In thermal equilibrium, the order parameter can be calculated by the use of Boltzmann statistics:
Equations (3) and (5) are a set of coupled equations, which can be numerically solved self-consistently to find the order parameter b(T ) [5, 17] . For interacting nanoparticles or grains the relative size of the two terms in equations (1) or (2) is important. If the interaction energy is predominant, there will only be one energy minimum, and the relaxation will then take place between states in this energy well and is expected to be fast [5] . The magnetic hyperfine splitting can therefore be considered to be proportional to
. If the anisotropy energy is predominant or comparable to the interaction energy, there will be two (non-equivalent) energy minima, which are separated by an energy barrier. In the absence of interactions, there are two equivalent minima and the magnetic dynamics is dominated by 'classical' superparamagnetic relaxation with a relaxation time given by [21, 22] 
where τ 0 is on the order of 10 −9 −10 −13 s.
Classical superparamagnetic behaviour, i.e. reversals of the sublattice magnetization directions of a particle as a whole, is rarely observed in studies of goethite, because magnetic fluctuations within the exchange-coupled grains are predominant [5] .
However, if the particles are sufficiently small and separated such that inter-particle interactions are negligible (E int p ≪ E a p ), the magnetic dynamics may be dominated by superparamagnetic relaxation of individual particles, and it may then be possible to estimate, for example, the magnetic anisotropy energy by use of Mössbauer spectroscopy and neutron scattering as it has been done in earlier studies of hematite (α-Fe 2 O 3 ) nanoparticles [16, [23] [24] [25] . No previously published studies of goethite particles have included inelastic neutron scattering but recently, Pankhurst et al suggested investigations by this technique to help understand the magnetic properties of goethite [26] .
In this paper we present studies of a commercial sample of ultra-small goethite particles before and after low-energy ball-milling together with rock salt (NaCl) nanoparticles. The goethite nanoparticles have an average diameter of around 5.7 nm, but each particle is made of up to a few smaller interacting grains (or clusters). We therefore have two types of magnetic interactions in the samples, namely interactions between particles and interactions between grains. The interactions between most of the particles are weak, especially in the ball-milled sample, and because the particles are very small the Mössbauer spectra are dominated by classical superparamagnetic relaxation at temperatures above ∼170 K in contrast to larger goethite particles in which the magnetic dynamics was dominated by fluctuations in interacting grains. Due to the small particle size and weak inter-particle interaction, we have been able to study more directly the intrinsic magnetic properties of goethite particles by use of Mössbauer spectroscopy, magnetization measurements and inelastic neutron scattering.
Experimental details
A goethite powder sample was obtained from the company NanoChemonics Inc. The sample was sold as F-2506 (Blend 07PSL-204). In the following this sample is named G1. Part of G1 was ball-milled with NaCl nanoparticles (weight ratio 1 : 3) at low intensity (40 rpm) for 48 h in an agate mill in order to reduce inter-particle interactions. NaCl nanoparticles, here termed 'nano'-salt, were prepared by high-intensity (200 rpm) ball-milling in a tungsten carbide (WC) ball-mill for 24 h. This sample of goethite ball-milled with 'nano'-salt is named GBM and used as prepared for the neutron scattering, Mössbauer spectroscopy and magnetization measurements, but with the salt washed out for the x-ray diffraction (XRD) and transmission electron microscopy (TEM) measurements.
XRD over an angular range of 15
• -90
• was performed at room temperature, using a Bruker D8 Advance powder diffractometer with a Co anode (λ = 1.79 Å). Rietveld refinement of the orthorhombic Pnma structure of goethite was performed using the WINPOW program, a modified version of the LHMP1 program [27] . The G1 sample was measured for 8 h on a plexiglas sample holder whereas the washed GBM sample was dried on a single crystal Si disc and measured for 18 h. The least squares refinements were performed with Voigtian peak profiles and the background was modelled with Chebyshew polynomials. Initial structural and atomic parameters were taken from [28] .
TEM bright and dark-field images of the samples were taken using an FEI Technai T20 G2 microscope with a thermionic LaB 6 filament and an accelerating voltage of 200 kV. 57 Fe Mössbauer spectroscopy was carried out using conventional constant acceleration spectrometers with sources of 57 Co in rhodium and calibration was carried out using a 12.5 µm foil of α-Fe at room temperature. Spectra obtained at temperatures down to 20 K were recorded in a closed cycle helium refrigerator from APD Cryogenics. A spectrum obtained with an applied magnetic field of 6 T was recorded in a liquid helium cryostat with a superconducting coil.
Inelastic neutron scattering measurements were performed at the time-of-flight spectrometer TOFTOF at FRMII, Munich [29] . A neutron wavelength of 7.0 Å was used, with a chopper speed of 12 000 rpm, giving an energy resolution of the elastic line of 10 µeV. Data were taken in a temperature range of 10-300 K using the two samples G1 and GBM. Both samples had a mass of about 2 g and were filled in hollow cylinder Al cans. The typical exposure time was 5 h (8 h) for the G1 (GBM) sample.
AC and DC magnetization measurements were performed with a quantum design MPMS-XL magnetometer using a SQUID detector. The sample for the dc magnetization measurements was comprised of 33.06 mg of GBM mixed with 28.65 mg of eicosane. The mixture was heated to approximately 40
• C where eicosane is a liquid. When the sample is cooled the eicosane becomes a solid wax, ensuring that the particles in the sample maintain the original (random) orientation. The sample was loaded in a capsule of gelatine. A sample with a larger amount of goethite (139.4 mg GBM) was prepared in a similar way for the ac measurements. Zero field cooled (ZFC) magnetization measurements were performed in a temperature range from 4.2 to 300 K in applied fields µ 0 H = 2.0 mT and 4.8 T. After each ZFC measurement the sample was cooled to 4.2 K and a field cooled (FC) magnetization measurement was performed in the same way as the ZFC. To isolate the contribution to the magnetization coming from the goethite particles we have subtracted the diamagnetic contributions from NaCl, eicosane (wax) and gelatine (capsule) in the ZFC/FC and hysteresis measurements, using the corresponding mass susceptibilities (in 10 −9 m 3 kg −1 ) of −6.4, −10.8 and −6.3, respectively. AC magnetization measurements were performed over the same temperature range with a driving field amplitude of 0.38 mT, at frequencies ranging from 1.0 to 1000 Hz. The magnetization as a function of applied field (hysteresis loops) was measured in fields over the range between −5 and + 5 T at temperatures of 4.2 and 300 K. 
Results

Structural characterization
The XRD patterns of sample G1 and sample GBM (after the 'nano'-salt has been washed away) are shown in figure 1 , together with the refined models. For the G1 sample there are no signs of other phases in the sample than the Pnma goethite represented by the model. For GBM, there is, in addition to Pnma goethite, minor impurity peaks at the scattering vector length q = 2.2 and 3.3 Å −1 . The peak at 2.2 Å −1 can be ascribed to the (2 0 0) reflection of NaCl (Fm3m) (from residual salt after washing). The peak at 3.3 Å −1 is from an unidentified impurity. The unit cell parameters, a Lorentzian profile broadening parameter, an overall temperature factor, and background parameters were refined. The instrumental broadening was assumed to be Gaussian and was known from measurement of a corundum (Al 2 O 3 ) standard, while the sample broadening was assumed to be Lorentzian. The refined lattice parameters are a = 9.986(3) Å, b = 3.0273(8) Å, and c = 4.630(2) Å, and the weighted-profile-residual (R WP ) and Bragg-R-value (R B ) are 0.95 and 0.30 respectively for sample G1. The refined lattice parameters for GBM are similar (a = 9.987(6) Å, b = 3.022(2) Å, and c = 4.627(4) Å), and the R-values are R WP = 1.61 and R B = 0.31. Assuming the line broadening is only due to the finite particle size the refinements result in average particle diameters of 6.7 ± 1 nm for sample G1 and 4.9 ± 1 nm for GBM. While the positions of the diffraction peaks confirm that both samples consist of goethite with limited impurities the agreement between the data and the refined model is not ideal. This is likely due to an anisotropic peak broadening from non-spherical particles, and for the GBM data a large non-uniform background. The particle sizes determined from the diffraction patterns are therefore only estimates of the true average particle size.
TEM bright field images show that the G1 sample consists of micrometer-sized aggregates of pseudo-spherical goethite nanograins with dimensions around 3-5 nm as determined from the morphology of particles at the rim of the aggregates ( figure 2(a) ). From the lattice fringes (figure 2(a)) we infer that neighbouring grains have some crystalline alignment, but this is not extending over more than a few grains. This crystalline alignment is confirmed by dark-field images (figure 2(b)). From dark-field images of the G1 sample, we have measured the size of 57 particles (figure 2(c)), and calculated a volumeweighted average particle size to 5.4 ± 1.7 nm. This particle size is in agreement (within uncertainty) with that determined from the XRD data. TEM dark-field images of the ball-milled sample, GBM, after the 'nano'-salt has been washed away, show that the low-energy ball-milling has not significantly altered size and morphology of the goethite nanoparticles (figure 2(d)). Thus XRD and TEM data show that the volume weighted particle size is around 5.7 nm. Assuming spherical particle shape, this corresponds to a particle volume close to 100 nm 3 .
Magnetization measurements
Nanoparticles of antiferromagnetic materials usually have small uncompensated magnetic moments due to, for example, uncompensated spins at the surface or defects in the interior of the particles. Magnetization data can have predominant contributions from the uncompensated magnetic moments. The magnetic dynamics of the uncompensated spins may be different from the relaxation of the sublattice magnetization vectors of the particles as a whole. Therefore, magnetization data may not be directly comparable to Mössbauer and inelastic neutron scattering data, which are sensitive to all parts of the particles. Figure 3 shows the ZFC/FC measurements for GBM. In the low applied field of µ 0 H = 2.0 mT the magnetization curves in the temperature range from about 30 to 300 K look as expected for nanoparticles undergoing superparamagnetic relaxation. The peak temperature in the ZFC curve is T p = 130 K. This value depends on the distribution of superparamagnetic blocking temperatures in the sample, and in turn on the particle size distribution as well as the degree of inter-particle interactions [15] . Above a temperature of around 250 K the ZFC and FC curves coincide, indicating that all particles have . A similar anomalous temperature dependence of the low-temperature magnetization has been observed in several studies of ferrite nanoparticles [30] and may be explained by freezing of spins in canted spin structures with very low energy barriers [30] . For the measurements in a strong applied field of µ 0 H = 4.8 T there is no peak in the ZFC curve and the ZFC and FC curves nearly coincide in the whole temperature range. There is an increase in the magnetization below 30 K qualitatively similar to the observations in the 2.0 mT measurements of around 5.4 A m 2 kg −1 both in the ZFC and FC curves. Similar results were obtained for sample G1.
ZFC/FC measurements
AC magnetization measurements.
The in-phase ac susceptibility (χ ′ ) data for GBM are shown in figure 4.
From the frequency dependence of the peak positions it was attempted to determine τ 0 and KV by plotting ln(ω) versus the reciprocal peak temperature (ω is the angular frequency) and fitting a straight line. This method has been demonstrated, for example, in [31] . However, the fit resulted in an unreasonable value of τ 0 (on the order of 10 −24 s), indicating that the temperature dependence of the relaxation time is not in accordance with equation (6), presumably because of interparticle and/or inter-grain interactions. Similar observations have been made in several other ac magnetization studies of interacting nanoparticles, e.g. [32] [33] [34] . The increase in magnetization at low temperatures seen in the ZFC/FC measurements is also seen in the in-phase ac susceptibility and is largely independent on the frequency of the driving field. A similar increase in the ac magnetization of goethite nanoparticles at low temperatures has recently been observed by Pankhurst et al [26] . This anomaly can be explained by freezing of spin structures, which at higher temperatures are influenced by magnetic fluctuations across very low energy barriers [26, 30] . We also measured the out-of-phase signal (χ ′′ ), but the signal was very weak. There was no increase in 
χ
′′ at low temperatures. AC magnetization measurements on sample G1 gave results similar to those for GBM. Thus the reduction of inter-particle interactions after ball-milling has only little influence on the ac and dc magnetization data. This may be explained by a large contribution to the magnetization from the uncompensated magnetic moment, which is only slightly influenced by inter-particle interactions. 
Hysteresis measurements.
Hysteresis loops in fields up to µ 0 H = 5 T were measured for the GBM sample at 4.2 and 300 K. The 300 K hysteresis loop is shown in figure 5 . At 300 K there is no hysteresis within the experimental uncertainty (i.e. the remanence is less than about 0.003 A m 2 kg −1 and the coercive field is less than a few mT). The hysteresis loop at 4.2 K is shown in the lower inset in figure 5 . There is only a very weak hysteresis, with a remanence of approximately 0.015 A m 2 kg −1 and a coercive field of about 5 mT. For the 300 K data the branches of the hysteresis loop were well approximated by a straight line at fields higher than about 2 T. A straight line was fitted to the points at higher fields and subtracted from the hysteresis curve in order to see the response of the uncompensated magnetic moment as demonstrated in [26] and [35] . This is shown in the upper inset in figure 5 , where the step in the magnetization corresponds to a saturation specific magnetization of σ s = 0.044 A m 2 kg −1 of goethite in the sample. The magnetization saturates in an applied field of approximately 0.2 T. For the 4.2 K hysteresis measurement (lower inset in figure 5 ) the points at higher fields could not be fitted well with a straight line, indicating that there is some unsaturated moment. This is presumably related to the rise in magnetization at low temperatures seen in the ZFC/FC curves.
Neutron scattering
Inelastic neutron scattering data for G1 and GBM at 10-300 K are shown in figure 6 as intensity maps of the neutron momentum transfer, q, versus the neutron energy transfer, ε. The colour scale is chosen to enhance the inelastic features. At the lowest temperature, 10 K, both samples show only elastic scattering (the broad red line at ε = 0 in all data), while inelastic features show up at elevated temperatures of 100-300 K. In the G1 sample at 100 K, a singular inelastic signal appears at q = 1.258 Å −1 and ε ∼ 1.5 meV, with a weaker counterpart at q = 1.502 Å −1 . These two inelastic signals gradually broaden and decrease in energy with increasing temperature, to almost merge with the (quasi-)elastic scattering at 300 K. The GBM sample shows many of the same features as G1, only with a much weaker signal due to the lower amount of goethite in the GBM sample. Again, the most prominent feature is the singular peak at q = 1.258 Å −1 and ε ∼ 1-1.5 meV, showing most clearly at 150 K, but hints of a similar signal at q = 1.502 Å −1 is also visible in this sample. The high-energy background seen at 250 and 300 K in the G1 sample is also present in the GBM sample, but is more difficult to see in the latter due to the generally smaller signal.
q-values of 1.258 and 1.502 Å −1 correspond to the (2 0 0) and (1 0 1) diffraction peaks. There are both structural and magnetic contributions to the (2 0 0) and (1 0 1) diffraction peaks [3] . The inelastic signal is, however, most likely of magnetic origin because there is an energy gap between the elastic line and the excitation at temperatures up to about 200 K where after it collapses into the elastic line at a temperature of about 300 K. If the signal was originating from lattice dynamics, i.e. phonons, it might also be gapped because of the finite particle size, but the gap would then be expected to remain at temperatures up to the melting point of the sample. The broadening around ε = 0 is expected to be due to superparamagnetic relaxation and the strong satellite peak around an energy transfer of 1.0-1.5 meV a signature of excitations of the uniform mode (q = 0 spin waves) as seen in previous studies of antiferromagnetic (e.g., hematite) nanoparticles [16, 24] . Although the signals from the two magnetic reflections partially overlap, we performed a separate treatment of the intense q = 1.258 Å −1 signal assuming that all inelastic signal has a magnetic origin. Figure 7 shows the energy transfer at q = 1.258 Å −1 at 100-300 K for samples G1 and GBM. The data for GBM have a low signal to noise ratio because the sample was diluted with NaCl. If all particles were identical, non-interacting, and without a grain structure, the energy dependence of the magnetic signal would consist of one quasi-elastic peak centered at ε = 0 and two side peaks at energy ±ε 0 . The quasielastic peak would have a width and shape determined by the instrumental resolution and the superparamagnetic relaxation time, while the side peaks have an intrinsic broadening due to its damped harmonic oscillator (dho) nature [24] . However, in practice there will be additional broadening due to a distribution of uncompensated spins [36] and inter-particle and inter-grain interactions [16] leading to a distribution of excitation energies. In the data for samples G1 and GBM the side peaks are asymmetrically broadened and can be described as relatively sharp peaks at ±ε 0 and broader peaks extending to higher energies. We suggest that a large fraction of the particles have limited interactions, giving rise to the satellite peak at ε 0 . The broader peaks at higher energies can be attributed to more strongly interacting grains and/or interacting particles, because magnetic interactions result in an increase of the excitation energies [16] . The data are therefore fitted with one Voigtian profile to take account of the (quasi-)-elastic line at ε = 0 plus two dho modes to fit the main peak at ε 0 and the scattering at higher energies, respectively. The fits are shown together with the data in figure 7 . Even though the assumption of only two dho modes to fit the inelastic signal is quite simple, the fit reproduces the observed features reasonably well, including the clear asymmetry with tails extending towards higher energy values. We have used this method consistently in our data analysis for all data from the G1 and GBM samples taken at temperatures between 100 and 300 K. The inelastic signal is too small in the 10 K data to extract any reliable information. Figure 8 shows the temperature dependence of ε 0 , i.e. the energy positions of the sharp peaks, which we attribute to uniform magnetic excitations of non-interacting particles. We found that for sample G1 ε 0 decreases from around 1.38 meV at 100 K to 1.06 meV at 250 K. Correspondingly, for the GBM sample ε 0 decreases from about 1.48 meV at 100 K to 1.03 (3) meV at 250 K. The solid lines in figure 8 are fits of the data at temperatures below 300 K to the theoretical model developed by Würger [37] in which the temperature dependence of the Neutron energy transfer data integrated over a narrow q-range at q = 1.258 Å −1 of samples G1 and GBM at the indicated temperatures. Each data set is fitted with one Voigtian profile (Voigt) and two damped harmonic oscillator modes (dho1 and dho2) as described in the text. excitation energy is given by
The model represents the data well and yields the parameters ε 0 (T = 0) ≈ 1.55 meV and KV /k B ≈ 467 K for G1, and ε 0 (T = 0) ≈ 1.68 meV and KV /k B ≈ 417 K for GBM. With a particle volume of 100 nm 3 this corresponds to a magnetic anisotropy constant of K ≈ 0.6 × 10 5 J m the possible temperature dependence of K). The distinct ε 0 -peak has almost disappeared at 300 K (sample G1, figure 7), indicating that there is a transition from coherent precession of the sublattice magnetization around an easy axis to incoherent motion, as expected when the thermal energy becomes comparable to the energy barrier [37] .
For an isolated nanoparticle of a simple uniaxial antiferromagnetic material, the position of the satellite peak is given by [16, 38] 
where B A = K/M 0 is the anisotropy field, K is the magnetic anisotropy constant, M 0 is the sublattice magnetization and B E is the exchange field. In goethite B E ≈ 390 T and M 0 = 5.25 × 10 5 J T −1 m −3 [39] . δ is a measure of the uncompensated magnetic moment and is defined as M/M 0 where MV is the difference between the magnetic moments of the two sublattices. For an antiferromagnetic nanoparticle with Nmagnetic ions the uncompensated magnetic moment is expected to be on the order of N 1/3 if the interior of the particle is free of defects, but surface sites are randomly occupied [15, 40, 41] . Using the saturation magnetization estimated from the magnetization measurements shown in figure 5 we find that δ is about 3.6 × 10 −4 . The neutron data show that ε 0 ≈ 1.6 meV at very low temperatures. Inserting ε 0 = 1.6 meV and δ = 3.6 × 10 −4 in equation (7) we find K ≈ 1.3 × 10 5 J m −3 . This is same order of magnitude as the values estimated in earlier studies (K = 6 × 10 4 J m −3 [26] , K ≈ 3 × 10 5 J m −3 [42, 43] and K > 6 × 10 4 J m −3 ) [44] . The particles in GBM are much smaller than those used for earlier estimates of the magnetic anisotropy constant, and therefore the surface contribution to the magnetic anisotropy is expected to be larger [15, 45] . 
Mössbauer spectroscopy
Mössbauer spectra of the samples G1 and GBM, obtained at the indicated temperatures, are shown in figures 9(a) and (b), respectively.
At the lowest temperatures the spectra are magnetically split with a magnetic hyperfine field of 49.5 T, an isomer shift of 0.49 mms −1 and a quadrupole shift of −0.13 mms −1 , which is in accordance with previous Mössbauer studies of goethite particles [4, 42] . There is no indication of impurity phases. Thus the ballmilling of GBM has not affected the chemical state of iron. At higher temperatures, the spectra of G1 and GBM show an asymmetric line broadening, indicating that the magnetic properties are influenced by magnetic fluctuations in interacting grains, as typically seen in goethite. However, already at temperatures of ∼220 and ∼170 K the spectra of G1 and GBM collapse to doublets suggesting that the particles exhibit fast superparamagnetic relaxation. It has previously been suggested [12] that such a collapse of the magnetic splitting in Mössbauer spectra of goethite is not due to the onset of fast superparamagnetic relaxation, but a low Néel temperature. We have investigated this possibility by applying a magnetic field to G1 of 6 T at 260 K, i.e. above the temperature where the magnetic splitting has collapsed to a doublet. If the goethite was paramagnetic at this temperature, the spectrum should only show a slight line broadening compared to the zero-field spectrum. However, the spectrum in figure 10 shows a substantial line broadening, corresponding to magnetic hyperfine fields up to around 40 T. This clearly shows that the collapse of the magnetic splitting is not due to a low Néel temperature, but due to fast superparamagnetic relaxation.
The distribution of anisotropy energies and interaction energies in a sample will result in a distribution of magnetic hyperfine fields at finite temperatures. In the superferromagnetism model [4, 17, 46] , the values of the anisotropy energy, KV and the interaction energy parameter T 0 p are free parameters for each quantile, where the quantile, f , is defined as
T 0 p is defined as the ordering temperature for a sample with zero anisotropy (KV = 0) and is given by the expression [4, 5, 17 ] It has been found that the temperature dependence of quantiles in the hyperfine field distribution p(B hf (T )) in hematite nanoparticles gave values of the magnetic anisotropy energies, which were in accordance with those found for the noninteracting particles [17] . This strongly supports the validity of the model. The interaction energy, E i (T ) = J eff M 0 (T ) 2 b(T ) depends on temperature, because both b(T ) and M 2 0 (T ) are temperature dependent. As an approximate measure of the interaction energy well below T p we use the value E int = 3k B T 0 p . In an earlier Mössbauer study of goethite with particle size on the order of 1800 nm 3 the anisotropy energy KV /k B was found to increase from around 400 K for the 40% quantile to around 1400 K for the 80% quantile [5] . The interaction energy E int /k B was on the order of 800 K for all quantiles in the same range. Thus, the interaction energy and the anisotropy energy were on the same order of magnitude in this sample. For a particle with volume of 1800 nm 3 and a magnetic anisotropy constant K 5 × 10 4 J m −3 and τ 0 ≈ 10 −11 s the relaxation time at 300 K should be on the order of 0.03 s or longer, i.e. much longer than the time scale of Mössbauer spectroscopy. Therefore, the line shape in the Mössbauer spectra could not be explained by fluctuations of the sublattice magnetization in the particle as a whole, but by magnetic fluctuations in small grains within the particles.
For our sample G1, the analysis of hyperfine field distributions was only performed at temperatures below 200 K, because the doublet becomes predominant at higher temperatures. The estimated values of KV and T 0 p for sample G1, obtained from the superferromagnetism model, are shown in figure 11 . Presumably, the magnetic hyperfine (11)). field distribution is influenced by both inter-grain interactions and inter-particle interactions. The total interaction 3T 0 p varies between ∼400 and 600 K for all quantiles shown in figure 11 , but a quantification of the two interaction energy contributions is not feasible by the superferromagnetism model. The anisotropy energy, KV, varies from around 200 K to around 1600 K with a value around 500 K for the 50% quantile, and the interaction energy was on the order of 450 K. If we assume that the volume V is the average volume of the particles (∼100 nm 3 ) we find an anisotropy constant K ≈ 0.7 × 10 5 J m −3 which is close to that estimated by other methods.
In our sample GBM the magnetic hyperfine splitting has almost completely collapsed at a much lower temperature (around 170 K) than in sample G1, indicating that inter-particle interactions have been reduced by the milling. An analysis based on the superferromagnetism model was not made for sample GBM because the doublet is predominant at quite low temperatures. Instead we plotted the average hyperfine field as a function of temperature, see figure 12 . In non-interacting magnetic nanoparticles at low temperatures this temperature dependence is given by [14, 15] 
A fit of the data to a straight line gave the value K = 0.9 × 10 5 J m −3 for V = 100 nm 3 . However, if interparticle interactions and magnetic fluctuations in grains are not negligible, this value may be overestimated [16] . For comparison (see figure 12) , sample G1 shows a smaller decrease of B hf with temperature presumably due to interparticle interactions.
Discussion
Magnetic relaxation in non-interacting nanoparticles of most magnetic materials, such as, for example, α-Fe 2 O 3 , γ -Fe 2 O 3 , NiO and α-Fe, is usually dominated by 'classical' superparamagnetic relaxation with a relaxation time given by equation (6) [15] . Mössbauer spectra then show a superposition of a sextet due to particles with relatively slow relaxation and a doublet due to particles with fast relaxation. The area ratio of the two components depends on temperature because of the temperature dependence of the relaxation time. However, Mössbauer spectra of goethite nanoparticles commonly show an unusual behaviour because the magnetic relaxation is dominated by fluctuations of the sublattice magnetization directions in strongly interacting grains within the particles, and this results in Mössbauer spectra consisting of sextets with asymmetrically broadened lines in a broad range of temperatures without the presence of a doublet [5] .
Mössbauer spectra of magnetic nanoparticles showing asymmetrically broadened lines have in several papers been analysed by using the multi-level model originally proposed by Jones and Srivastava [47] . In this model one considers not only jumps of the magnetization direction between the two minima of the magnetic energy of non-interacting particles, but also transitions between states within the two energy wells. Using this model it is in fact possible to reproduce the asymmetric line broadening in the Mössbauer spectra. However, in order to simulate the spectra one has to assume a relatively slow relaxation. For example, van Lierop and Ryan [48] found a pre-exponential factor τ 0 on the order of 10 ns in fits of spectra of γ -Fe 2 O 3 nanoparticles. In other papers on simulations and fits of Mössbauer spectra of magnetic nanoparticles [49, 50] it was found that the spectra were magnetically split with asymmetrically broadened lines for KV /k B T 1, indicating that τ 0 is considerably larger than 1 ns. This is in contradiction to numerous published Mössbauer and magnetization studies. Therefore, another model is needed to explain the spectra. In several papers we have demonstrated that magnetic nanoparticles, which show superpositions of doublets and sextets when non-interacting, show sextets with asymmetrically broadened lines, when the particles are in close proximity. Even well above the temperature where non-interacting particles show doublet spectra, interacting particles from the same batch can show magnetically split spectra with asymmetrically broadened lines [16] [17] [18] [51] [52] [53] . In accordance with this we believe that our model for the magnetic dynamics of interacting nanoparticles is the most realistic approach to interpret our data for goethite nanoparticles.
The reason for the unusual behaviour of goethite nanoparticles is that goethite usually is poorly crystalline and contains defects like dislocations and low-angle grain boundaries. The particles can therefore be described as consisting of grains that interact due to exchange coupling [5] . The present studies of ultra-small goethite particles have clearly shown that particles with dimensions below a critical size and weak inter-particle interactions show a magnetic relaxation that is dominated by 'classical' superparamagnetic relaxation. Our studies also show that inter-particle interactions can be reduced by ball-milling together with nanosized NaCl particles. This reduction of the inter-particle interactions can be clearly seen from the temperature dependence of the Mössbauer spectra.
Inelastic neutron scattering has earlier revealed that uniform excitations are the predominant spin-wave excitations in α-Fe 2 O 3 [16, 24] and NiO [54] below the superparamagnetic blocking temperature. The present neutron study shows that this is also the case for goethite. In the inelastic neutron data for both G1 and GBM, a relatively sharp peak at around 1.0-1.5 meV was attributed to particles with negligible interparticle interactions, whereas a broader component with higher energy was attributed to magnetic fluctuations in interacting particles and interacting grains. This can explain why the position of the sharp peak is not much affected by the ball milling. This interpretation is in accordance with earlier studies of α-Fe 2 O 3 [16] and NiO [54] with varying interparticle interactions. We have previously performed inelastic neutron scattering studies of larger goethite particles in which the magnetic fluctuations are dominated by fluctuations of the sublattice magnetization of interacting grains (unpublished). In these studies no sharp satellite peaks were observed. Instead the data showed very broad features, similar to the broad satellite peaks in figure 7 . In inelastic neutron studies of 8 nm hematite particles [16] and disc shaped NiO nanoparticles [54] it was also found that inter-particle interactions result in broadening of the satellite peaks and a shift towards higher energies. This supports the interpretation of the broad components in the inelastic neutron scattering data for G1 and GBM.
The magnetic anisotropy of goethite has been the subject of much controversy. In early Mössbauer studies it was noticed that the magnetically split spectra had strongly asymmetric lines and the magnetic hyperfine splitting in relatively large goethite particles collapsed well below the Néel temperature [55, 56] . It was therefore concluded that the magnetic anisotropy constant was much smaller than that of α-Fe 2 O 3 and was on the order of only 10 3 J m −3 [56] . Later, Mössbauer studies of a single crystal of goethite in large applied magnetic fields indicated a much larger value, K > 6 × 10 4 J m −3 [44] , whereas Mössbauer studies of the line shape of a polycrystalline sample in large applied fields indicated a value of 3 × 10 5 J m −3 [42] . Magnetization measurements at 4.2 K revealed a spin flop transition at an applied field of 20 T, corresponding to a magnetic anisotropy constant of around 6 × 10 4 J m −3 [39] . The present estimates of the magnetic anisotropy constant from inelastic neutron scattering data and Mössbauer data are on the order of 10 5 J m −3 . In a recent study of hysteresis loops of natural goethite samples a much smaller value of only 210 J m −3 at 5 K was estimated from the values of the coercivity [35] . The samples are substituted by Al and Mn, and it is likely that this results in uncompensated magnetic moments. Indeed, the saturation magnetization is relatively large (∼0.3 A m 2 kg −1 ). Irrespective of the origin of the uncompensated moment, the field dependence of the magnetization of the uncompensated spins may not be directly related to the reversal of the sublattice magnetization vectors of the particles as a whole. Therefore, the analysis of magnetization data may give incorrect values for the anisotropy constant.
In antiferromagnetic nanoparticles, it has been predicted that the initial susceptibility at low temperature and the magnetization should increase with temperature because of thermoinduced magnetization [57] . This has been observed in a study of akaganeite (β-FeOOH) nanoparticles [58] . In goethite nanoparticles, the magnetization at low temperatures is dominated by a large upturn of both the ac and dc magnetization with decreasing temperature, as one can see in figures 3 and 4. This was also observed in an earlier ac magnetization study of goethite particles [26] . We interpret this as a result of freezing of the magnetization of uncompensated spins and canted spin structures around defects and at the surface of the particles [30] .
The ZFC magnetization curve of GBM ( figure 3) shows a maximum at around 130 K. Such a peak may be explained as a result of blocking of superparamagnetic particles. However, the blocking temperature estimated from Mössbauer spectroscopy with a time scale on the order of 5 × 10 −9 s is around 160 K, and for the ZFC measurement with a time scale of around 100 s one should therefore expect a much lower blocking temperature (around 30 K). Therefore, the peak at 130 K cannot be explained by superparamagnetic blocking. Pankhurst et al [26] found a similar peak in ZFC magnetization studies of goethite particles. They suggested that it is related to 'cluster ordering' of magnetically interacting clusters or particles. Our estimates of the interaction energy from the Mössbauer data indicate values on the order of 150 K, i.e. close to the peak temperature in the ZFC measurement of GBM. This supports the interpretation in terms of 'cluster ordering'.
Conclusions
The present Mössbauer studies have shown that in ultrasmall goethite particles the magnetic relaxation is dominated by 'classical' superparamagnetic relaxation at temperatures above ∼170 K, in contrast to larger goethite particles in which the relaxation commonly is dominated by magnetic fluctuations in interacting grains.
We have estimated the value of the uncompensated magnetic moment from magnetization measurements. The temperature dependence of the magnetization shows a large anomalous upturn at very low temperatures. This can be explained by freezing of canted spin structures at the surface and around defects. Inelastic neutron scattering and Mössbauer spectroscopy both show that the value of the magnetic anisotropy constant is close to 10 5 J m −3 . Previously, the value of the magnetic anisotropy constant for goethite has been much debated. The difficulty in determining K relies partly on difficulties in separating the magnetic anisotropy energy from the interaction energy in samples of interacting grains. In the present study of small particles with limited inter-grain and inter-particle interactions this problem has been reduced. The inelastic neutron scattering data show that for small particles not dominated by interaction effects, this technique can be very useful in determining K as the measurements single out (with a sharp inelastic signal) the excitation energy of the q = 0 modes at low temperatures. 
